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doi:10.1016/j.jtcvs.2006.03.064bjective: Diffusion- and perfusion-weighted magnetic resonance imaging can
dentify ischemic brain injury in the hyperacute stage. For neuroprotection during
horacic aortic surgery, we developed a novel retrograde cerebral perfusion with
ntermittent pressure augmentation. The purpose of this study was to assess the
fficiency of this novel method for neuroprotection in real time by using diffusion-
nd perfusion-weighted magnetic resonance imaging.
ethods: Sixteen beagle dogs were randomly divided into 4 groups: the antegrade
elective cerebral perfusion group (n  4; antegrade selective cerebral perfusion at
flow rate of 10 mL · kg1 · min1); the intermittent retrograde cerebral perfusion
roup (n 4; retrograde cerebral perfusion at a baseline pressure of 15 mm Hg with
ntermittent pressure augmentation to 45 mm Hg every 30 seconds); the conven-
ional retrograde cerebral perfusion group (n  4; conventional retrograde cerebral
erfusion at a fixed pressure of 25 mm Hg); and the circulatory arrest group (n  4;
nly circulatory arrest). Diffusion- and perfusion-weighted magnetic resonance
mages were acquired during each session of cerebral perfusion. Regions of interest
ere defined, and the apparent diffusion coefficient and relative regional cerebral
lood volume were calculated in these regions of interest. Finally, the brain was
valuated for its histopathologic damage score.
esults: The best apparent diffusion coefficient values were observed in the inter-
ittent retrograde cerebral perfusion group in all the regions of interest, although the
elative regional cerebral blood volume values were mostly lower than those in the
ntegrade selective cerebral perfusion group. The total Histopathologic Damage
core (0, normal; 32, worst) in the intermittent retrograde cerebral perfusion group
8.0  0.6) was significantly lower than that in the conventional retrograde cerebral
erfusion (17.5  1.7; P  .01) and circulatory arrest (25  1.0; P  0.01) groups
nd was equivalent to that in the antegrade selective cerebral perfusion group (7.8
.8; P  .9).
onclusion: Intermittent retrograde cerebral perfusion provides adequate neuropro-
ection by allowing high apparent diffusion coefficient values to be maintained.
iffusion-weighted imaging (DWI) and perfusion-weighted imaging (PWI)
are relatively new magnetic resonance imaging (MRI) techniques that allow
identification of ischemic injury even in the hyperacute stage; that is, even
efore structural changes become evident on conventional brain MRI or computed
omography (CT).1– 4 We developed a novel retrograde cerebral perfusion (R
ethod with intermittent pressure augmentation for cerebral protection during
The Journal of Thoracic and Cardiovascular Surgery ● Volume 132, Number 4 933
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CSPhoracic aortic surgery.5 Intermittent augmentation of pe-
usion pressure effectively opens up cerebral vessels to
llow adequate blood supply to the brain during hypother-
ia, thereby minimizing brain damage.5
The purpose of this study was to assess, by using diffusion-
eighted magnetic resonance imaging (DWI) and perfusion-
eighted magnetic resonance imaging (PWI), the extent of
revention of brain damage caused during deep hypother-
ic circulatory arrest (DHCA) by the use of RCP with
ntermittent pressure augmentation (RCP-INT) and to com-
are the neuroprotective efficiency of this method with that
f antegrade selective cerebral perfusion (ASCP), conven-
ional RCP (RCP-C), and circulatory arrest (CA) only
without cerebral perfusion). To the best of our knowledge,
his is the first report of real-time assessment of the brain by
WI and PWI during aortic surgery.
aterials and Methods
nimal Care
his study was approved by the Animal Care and Use Committee
f the University of Tokyo. All animals were acclimatized in the
ection of Animal Research of the Center for Disease Biology and
ntegrative Medicine. All the animals received humane care in
ompliance with the Guide for the Care and Use of Laboratory
nimals (Institute for Laboratory Animal Research, 1996).
xperimental Groups
ixteen adult beagle dogs weighing 9 to 13 kg (mean, 10.6 kg)
ere randomly divided into the following 4 groups: the ASCP
roup (n  4; ASCP at a flow rate of 10 mL · kg1 · min1 via an
rterial cannula in the ascending aorta by clamping of the proximal
scending aorta, left subclavian artery, and descending aorta), the
CP-INT group (n  4; RCP via the maxillary veins of both sides
t a baseline pressure of 15 mm Hg with intermittent pressure
ugmentation to 45 mm Hg every 30 seconds by clamping of the
Abbreviations and Acronyms
ADC  apparent diffusion coefficient
ASCP  antegrade selective cerebral perfusion
CA  circulatory arrest
CPB  cardiopulmonary bypass
DHCA  deep hypothermic circulatory arrest
DWI  diffusion-weighted magnetic resonance
imaging
HDS  Histopathologic Damage Score
MRI magnetic resonance imaging
PWI  perfusion-weighted magnetic resonance
imaging
RCP  retrograde cerebral perfusion
RCP-C  conventional retrograde cerebral perfusion
RCP-INT retrograde cerebral perfusion with
intermittent pressure augmentation
rrCBV  relative regional cerebral blood volumenferior vena cava), the RCP-C group (n  4; RCP-C via the a
34 The Journal of Thoracic and Cardiovascular Surgery ● Octoaxillary veins of both sides at a fixed pressure of 25 mm Hg by
lamping of the inferior vena cava), or the CA group (n  4; only
A without cerebral perfusion). The lower half of the body was
ot perfused in any of the groups. The CA group was examined
oth before surgery (body temperature 36°C) and during standard
ardiopulmonary bypass (CPB; body temperature 18°C), as a
ontrol.
nimal Preparation
nesthesia was induced in all animals by injection of ketamine
ydrochloride (10 mg/kg intramuscularly) and was maintained by
njections of sodium pentobarbital throughout the operation. En-
otracheal intubation was performed, and respiratory support was
nitiated with a pressure-controlled ventilator with 100% oxygen.
he femoral artery and external jugular vein were cannulated with
0-gauge catheters for blood sampling, and the arterial and central
enous pressures were monitored continuously. In the RCP-INT
nd RCP-C groups, two 16-gauge cannulas were inserted into the
axillary veins of both sides for RCP. The perfusion pressure used
or the RCP was monitored in the distal maxillary veins, distal to
he perfusion points. Blood samples were collected for arterial
lood gas analysis, and measurements were performed of the base
xcess, serum electrolytes, hemoglobin, and oxygen saturation,
ith correction for the body temperature. The core temperature
as monitored by using probes in the esophagus and rectum.
xperimental Protocol
efore commencement of the surgical preparation, the dogs in the
A group (n  4) were placed in the supine position in a specially
esigned cradle and transferred into the magnetic resonance im-
ging (MRI) equipment. Preoperative DWI and PWI were con-
ucted by using the methods described below under a body tem-
erature condition of 36°C.
At operation, a median sternotomy was performed; after systemic
eparinization (300 IU/kg), a 10F arterial cannula (Medtronic Inc,
inneapolis, Minn) was inserted into the ascending aorta, and a
6F single venous cannula (Terumo Co, Ltd, Tokyo, Japan) was
nserted into the right atrium. Extracorporeal circulation was ac-
omplished by using a membrane oxygenator (Capiox RX-Baby
X; Terumo) and extracorporeal pump (TOW NOK heart-lung
ystem, Compo III; Tonokura Ika Kogyo Co, Ltd, Tokyo, Japan)
ontaining a special long circuit primed with 200 mL of homoge-
eous blood, 400 mL of a hemodilute solution of Ringer lactate
olution, 50 mL of 20% human albumin, 20 mL of sodium bicar-
onate, 100 mL of mannitol, and 5000 IU of heparin. CPB was
stablished at a flow rate of 100 mL · kg1 · min1, with the flow
djusted to maintain a mixed venous oxygen saturation of approx-
mately 75%. A 14-gauge catheter was inserted into the left ven-
ricle via the apex to permit decompression of the left ventricle
uring the CPB. The animals were then cooled to 18°C by using a
eat exchanger. The pH was maintained at 7.40 by using the
H-stat principle, and the arterial PaCO2 was maintained at 35 to 40
m Hg, corrected for body temperature. Cardiac arrest was in-
uced with a cold cardioplegic solution after crossclamping of
he ascending aorta. Then, the dogs in the CA group (n  4) were
ransferred again into the MRI equipment. DWI and PWI were
onducted under the standard CPB condition (18°C). Then, all the
nimals were maintained in a state of DHCA for 120 minutes.
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Puring the DHCA, brain protection procedures were performed in
ach group according to the designated method, as described
reviously. In the RCP-INT and RCP-C groups, the arterial can-
ula in the ascending aorta was opened to maintain the common
arotid arterial pressure equal to the atmospheric pressure. After
he surgical preparation, the dogs were transferred into the MRI
quipment.
WI and PWI
maging was conducted in 4.7-T, 33-cm-bore MRI equipment
UNITY INOVA imaging spectrometer; Varian Associates Inc,
alo Alto, Calif) equipped with gradient coils consisting of spe-
ially designed 16-cm-diameter birdcage radiofrequency coil (trans-
it/receive). The position of the slices was determined from a sagittal
rain image, and coronal imaging was chosen to include the hip-
ocampus, thalamus, temporal lobe, parietal lobe, and cerebral
entricle, which were set as the regions of interest (Figure 
At first, DWI was obtained with a spin-echo pulse sequence
Figure 1. Region of interest (ROI). : 1.5  1.5 mm2. PL, P
thalamus; HIP, hippocampus; CA, circulatory arrest; DW
antegrade selective cerebral perfusion; RCP-INT, retrograd
RCP-C, conventional retrograde cerebral perfusion; CPB,
resonance imaging. The time points of the experimentalrepetition time, 1000 milliseconds; echo time, 45 milliseconds) u
The Journal of Thoracicnder the following imaging conditions: diffusion gradient b val-
es of 0 and 1000 s/mm2 in the direction perpendicular to the
ections, 10-mm-thick sections, 150-mm field of view, and 128 
28 matrix. The acquisition time for the DWI was 17 min6
he DWI sequence generated an apparent diffusion coefficient
ADC) map for the section. The calculations were conducted by
sing Mathematica software, version 5.0 (Wolfram Research, Inc,
hampaign, Ill). The dogs in the CA group (n 4) were examined
uring CPB (18°C) and during CA (18°C).
Next, PWI was acquired by using the dynamic first pass of a
.2 mmol/kg bolus of gadolinium-based contrast material (Gd-
iethylenetriaminepentaacetic acid [DTPA], Magnevist; Shering AG,
erlin, Germany) for the selected sections measured sequentially
00 times (acquisition time, 0.96 seconds for each measurement;
epetition time, 15 milliseconds; echo time, 10 milliseconds). The
olus of contrast material was injected into the external jugular
ein via the indwelling catheter (preoperative condition) or into the
erfusion line of the CPB (operative condition), starting 1.5 min-
tal lobe; CV, cerebral ventricle; TL, temporal lobe; THA,
iffusion-weighted magnetic resonance imaging; ASCP,
rebral perfusion with intermittent pressure augmentation;
iopulmonary bypass; PWI, perfusion-weighted magnetic
dure in each group are shown.arie
I, d
e ce
card
procetes after the initiation of the sequence, followed by flushing with
and Cardiovascular Surgery ● Volume 132, Number 4 935
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CSP0 mL of saline. The PWI data were obtained under the following
onditions: 2-mm-thick sections, 150-mm field of view, and 128
4 matrix. Curve fitting was performed by using the Marquardt-
evenberg algorithm.7 The area under the curve was calculated 
easure of the relative regional cerebral blood volume (rrCBV).8 The
WI sequence generated an rrCBV map for the sections, and calcu-
ations were conducted by using Mathematica software, version 5.0.
he dogs in the CA group (n  4) were examined during the CPB
ondition (18°C); however, obviously, PWI was not performed
uring the CA. Sequential injections of large doses of Gd-DTPA
ontrast (0.2 mmol/kg) in the same animal in the CA group may
ffect the subsequent PWI. Therefore, the rrCBV value, the area
nder the curve, was calculated after adjustment for the effect of
he accumulated Gd-DTPA contrast. Figure 1 clarifies the 
oints of the experimental procedure and the time points at which
he DWI and PWI were performed in each group.
istopathologic Examination
fter the MRI data were obtained over almost 150 minutes after
he induction of DHCA, the experiment was terminated for his-
opathologic studies. The brains were quickly harvested under
eep hypothermia and adequate anesthesia and were fixed in 7%
uffered formaldehyde solution. Five-millimeter-thick coronal
ections through the entire brain were examined for gross lesions,
nd the sections through the following regions were especially
losely examined: hippocampus, thalamus, temporal lobe, and
arietal lobe. These sections were embedded in paraffin, cut to a
hickness of 10 m, stained with hematoxylin-eosin, and examined
nder a light microscope by a pathologist who was unaware of the
xperimental grouping. During this early period after the potential
nset of hypoxic ischemic injury, the minimum criteria for the
iagnosis of ischemic neuronal damage included mild cytoplasmic
osinophilia, shrunken neurons with scalloping of the margins, and
uclear changes consisting of coarsening of the nuclear chromatin
r pyknosis.9-12 The modified Histopathologic Damage Scor
HDS)13 was calculated to determine the severity of the histopa-
ogic damage. The scoring was defined as follows: no damaged
eurons (0), minimal (2), mild (4), moderate (6), and severe (8).
tatistical Analysis
ll data are presented as mean  SEM. Data were assessed by
-way analysis of variance for comparisons among groups,
ollowed by post hoc Dunnett tests. The Spearman rank order
orrelation coefficient was calculated to determine the correla-
ions between the ADC values and the HDS. Differences be-
ween groups were considered statistically significant when the
value was less than .05. All statistics were computed by using
he JMP analysis program, version 5.1 (SAS Institute Inc, Cary,
C).
esults
iffusion-weighted MRI
n the CA group, the ADC values in the hippocampus, thala-
us, temporal lobe, and parietal lobe were significantly lower
nder the hypothermic condition (18°C) during CPB than in
he preoperative state (36°C; P  .02, .008, .03, and .006,
espectively). The ADC values in the hippocampus and thal- w
36 The Journal of Thoracic and Cardiovascular Surgery ● Octomus were significantly lower during CA (18°C) than during
PB (18°C; P  .018 and .038, respectively). However, there
ere no significant differences in the cerebral ventricles be-
ween the 2 conditions (Figures 2, A, and 3, A). During
HCA, significantly higher ADC values were observed in
he RCP-INT group than in the CA group in the hippocam-
us, thalamus, and temporal lobe (P  .008, .003, and .011,
espectively). In addition, the ADC values in the thalamus
ere also significantly higher in the ASCP group than in the
A group (P  .013; Figures 2, B, and 3, B).
erfusion-weighted MRI
ignificantly higher rrCBV values in the temporal lobe were
bserved during hypothermia under CPB (18°C) than under
he preoperative condition (36°C) in the CA group (P .03;
igures 4, A, and 5, A). Conversely, the best rrCBV valu
n all the regions of interest during DHCA were observed in
he ASCP group (Figures 4, B, and 5, B).
istopathologic Examination
o macroscopic gross lesions were observed in any of the
rain specimens. The total HDS did not differ significantly
etween the RCP-INT and ASCP groups (RCP-INT, 8 
.6; ASCP, 7.8  0.8; P  .99). However, the total HDS
as significantly lower in the RCP-INT group than in the
CP-C and CA groups (P  .001 and P  .001, respec-
ively). The regional HDS values for the 4 anatomic areas
igure 2. A, Apparent diffusion coefficient (ADC) map in the
irculatory arrest group. a, Before surgery (36°C); b, on cardio-
ulmonary bypass (18°C); c, circulatory arrest (18°C). B, ADC map
or comparison among the different cerebral protection methods.
, Antegrade selective cerebral perfusion; b, retrograde cerebral
erfusion with intermittent pressure augmentation; c, conven-
ional retrograde cerebral perfusion.ere also equivalent to the total HDS (Figure 6).
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PSignificant negative correlations between the ADC and
he HDS were observed in regional brain areas (hippocam-
us, thalamus, and temporal lobe; Spearman correlation
oefficient: hippocampus, r  0.7038, P  .0023; thala-
us, r0.8198, P .0001; temporal lobe, r0.8789,
 .001). A weak negative correlation was observed
etween the ADC and the HDS in the parietal lobe (Spear-
igure 4. A, Relative regional cerebral blood volume (rrCBV) map
n the circulatory arrest group. a, Before surgery (36°C); b, on
ardiopulmonary bypass (18°C). B, rrCBV map for comparison
mong the different cerebral protection methods. a, Antegrade
elective cerebral perfusion; b, retrograde cerebral perfusion
ith intermittent pressure augmentation; c, conventional retro-orade cerebral perfusion.
The Journal of Thoracican correlation coefficient: r  0.4352, P  .0920).
xamination of samples of hippocampus obtained from
ach group showed minimal evidence of cellular damage in
he RCP-INT and ASCP groups (Figure 7), whereas m
rate to severe ischemic neuronal change (shrunken neuron
nd nuclear pyknosis) was observed in the RCP-C and CA
roups.
iscussion
WI measures the restriction of water movements associ-
ted with failure of the cellular energy release mechanisms,
embrane dysfunction, and cytotoxic edema and is sensi-
ive to ischemia within minutes of its onset.6 Under the
schemic condition, the failure of adenosine triphosphate–
ependent ion pumps results in ischemic cellular depolar-
zation and a water shift from the extracellular to the intra-
ellular space. As a result of this decrease in extracellular
ater, diffusion is restricted in the extracellular space, thus
esulting in signal decreases in the ADC, a quantitative
easure of water diffusion.15 Lesions in the acute an
yperacute stages of infarction have low ADC values.8,14,15
WI allows assessment of alterations of perfusion during
cute ischemia.1 Details of the theory and methodology
he perfusion map calculations have been described in detail
n previous articles.8,16 Recent studies have shown that 
he acute phase of stroke, the area of decreased rrCBV is
enerally larger than the ischemic area, as seen in DW3,8
t is believed that measurement of the so-called perfusion-
iffusion mismatch, defined as the difference between the large
bnormalities in the rrCBV maps and the small abnormal areas
Figure 3. A, Apparent diffusion coefficient (ADC)
values in the circulatory arrest (CA) group. HIP,
Hippocampus; THA, thalamus; TL, temporal lobe;
PL, parietal lobe; CV, cerebral ventricle (cerebro-
spinal fluid); CPB, cardiopulmonary bypass. B,
Comparison of the ADC values among the differ-
ent cerebral protection methods. ASCP, Ante-
grade selective cerebral perfusion; RCP-INT, ret-
rograde cerebral perfusion with intermittent
pressure augmentation; RCP-C, conventional ret-
rograde cerebral perfusion.n the ADC maps, is highly accurate for predicting enlarge-
and Cardiovascular Surgery ● Volume 132, Number 4 937
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CSPent of the lesion volume.8 The perfusion– diffusion mismatc
rea can be thought of as the ischemic penumbra, which is
schemic but still viable tissue surrounding the ischemic core.
Schaefer and colleagues1 reported that DWI was high
ensitive for the detection of acute ischemic stroke and that
t was more sensitive than rrCBV. In this study, the rrCBV
as lower at 36°C physiologic condition than at 18°C
pecial condition, ASCP. This phenomenon was described
y Ye and colleagues.10 The rrCBV during RCP-INT w
lso higher than that measured during preoperative at 36°C.
n addition, the rrCBV was lower during CPB under deep
ypothermia than during ASCP and RCP-INT. We did not
cientifically clarify the mechanism of this phenomenon.
urther studies are needed. We did not think that rrCBV
lways correlated well with ADC.
Taking into consideration the histopathologic examina-
ion results, our data suggest that RCP-INT provides ade-
uate neuroprotection during DHCA by allowing high ADC38 The Journal of Thoracic and Cardiovascular Surgery ● Octoalues to be maintained in the brain. Negative correlations
etween the ADC values and the HDS were observed in
ome regions of the brain. These results suggest that main-
enance of high ADC values during DHCA may reflect
ecreased ischemic neuronal changes. We consider that the
aintenance of the high ADC values in the RCP-INT group
uring DHCA may be related to the microcirculation.
riesenecker and colleagues17 concluded that the vasocon-
trictive condition increases the arteriolar wall oxygen con-
umption and reduces the oxygen supply to the tissues.
hibata and associates18 reported that the vasodilated co-
ition decreases the arteriolar wall oxygen consumption and
ncreases the oxygen supply to the surrounding tissues.
herefore, we speculate that if adequate perfusion can be
aintained via the veins, RCP can have beneficial effects on
he brain tissue during DHCA, a vasoconstrictive condition.
However, we must also consider the effects of tempera-
ure on the ADC. Micromolecular diffusion is altered in
Figure 5. A, Relative regional cerebral blood vol-
ume (rrCBV) values in the circulatory arrest group.
HIP, Hippocampus; THA, thalamus; TL, temporal
lobe; PL, parietal lobe; CPB, cardiopulmonary by-
pass. B, Comparison of the rrCBV values among the
different cerebral protection methods. ASCP, Ante-
grade selective cerebral perfusion; RCP-INT, retro-
grade cerebral perfusion with intermittent pressure
augmentation; RCP-C, conventional retrograde ce-
rebral perfusion.
Figure 6. Histopathologic Damage Score. The
score was defined as follows: no damaged neu-
rons (0), minimal (2), mild (4), moderate (6), or
severe (8). HIP, Hippocampus; THA, thalamus; TL,
temporal lobe; PL, parietal lobe; Total, total His-
topathologic Damage Score; ASCP, antegrade
selective cerebral perfusion; RCP-INT, retro-
grade cerebral perfusion with intermittent pressure
augmentation; RCP-C, conventional retrograde ce-
rebral perfusion; CA, circulatory arrest. The P val-
ues shown present the results of the post hoc
Dunnett test versus the result in the RCP-INT group.
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Pssociation with temperature changes. Yenari and associ-
tes19 reported that the ADC values varied directly 
inearly with temperature. A 1°C change in the brain tem-
erature corresponded to a 1.6% change in the ADC. It is
onsidered that for the same body temperature (18°C), an
ppropriate method for comparison of the efficiency of the
arious cerebral protection methods may be assessment of
he ADC values on DWI.
Although our study groups were small, we conducted
his experiment very carefully to prevent bias. Because the
esults of the study revealed significant differences in sev-
ral characteristics among the groups, we decided that there
ay be no need to increase the size of the study samples.
e support the 3 Rs principle—replacement, reduction, and
efinement—that has proven to be a common ground for
esearch workers using animals.
We agree that the dog is not the best model for the study
f RCP because dogs have multiple valves in the small
nternal jugular veins. However, an adult pig model is too
arge to be subjected to MRI in our high-magnetic-field
4.7-T), 33-cm-bore MRI equipment (UNITY INOVA) for
nimal experiments. Therefore, we decided to use an adult
eagle dog model.
onclusion
ur novel RCP method with intermittent pressure augmen-ation allowed maintenance of high ADC values in the brain
The Journal of Thoracicnd was therefore concluded as having the ability to provide
dequate neuroprotection during DHCA.2,4
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nd Biomedical Engineering, Graduate School of Medicine, Uni-
ersity of Tokyo) for their assistance in the image analysis.
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